This study concerns the design optimization of thin-film luminescent solar concentrators (TLSCs) based on polymethylmethacrylate (PMMA)/silica nanohybrid films doped with coumarin dyestuffs specialized in coloring plastics. Two designs of TLSCs had been prepared and characterized. The first consists of a transparent nanohybrid layer coated on a fluorescent PMMA substrate. The second design is the ordinary configuration in which fluorescent nanohybrid layer is coated on a transparent PMMA substrate. The investigation of the spectral properties and efficiency parameters recommended the best solar energy conversion efficiency for the second design. The outdoor performance of optimized TLSC was also evaluated under clear sky conditions of Riyadh city, and the hourly values of the optical efficiency, opt , were calculated for one year. The best performance was achieved in summer since the short circuit current for PV cell was doubled after being attached to TLSC and the value of opt reached 40% which is higher than other values recorded before due to the abundant solar energy potential in the Arabian Peninsula.
Introduction
Concentrating sunlight is considered an important way to decrease the cost of photovoltaic (PV) energy conversion, since the cost of PV cell can be reduced by using concentrated sunlight on a smaller area. Luminescent solar concentrators (LSCs) were firstly proposed in the late 1970s as an alternative to the traditional focusing concentrators such as mirrors and lenses [1] [2] [3] [4] . LSC consists of a transparent plate with a high refractive index (e.g., ≈1.49 for PMMA), doped with centers as shown in Figure 1 . When the incident light on the surface of LSC is absorbed by the luminescent centers and isotropically reemitted over all the angles, a fraction of light (≈75% for PMMA) is internally reflected within the plate and guided towards the edges, where small photovoltaic (PV) cells can be placed to convert the concentrated light into electricity [5] . Diffuse reflecting paints can be placed on the nonused edges in order to improve light collection and geometrical gain which is defined as the fraction between surface and edge areas of LSC [6] . Since the collection of light is enhanced by total internal reflection, diffused sunlight has a higher probability of being collected and concentrated on PV cell. As a consequence, LSCs do not require light tracking systems, which represent an important and expensive component of conventional concentrating systems [7] . The interest of LSC research has recently been renewed due to the improvement in the stability of luminescent dyes and the development of new luminescent species such as quantum dots and inorganic alternative luminescent species [8] . This paper deals with the problems which hampered the development of LSCs such as the stability of luminescent organic dyes and the matrix configuration [9] . The first problem can be solved by using fluorescent dyes specialized in engineering plastics such as MACROLEX fluorescent dyes (Bayer, Germany); these dyes have been reported to have a promising thermal and photostability in LSC applications [10] . The second problem can be faced by thin-film LSC configuration (TLSC) shown in Figure 2 which was proposed to reduce the reabsorption of fluorescent photons and scattering losses. TLSC devices consist of a 0.15 to 1 mm thick layer of luminescent material deposited in a thicker transparent substrate (≈30 mm) ideally of the same refractive index [11] . Heavily doped luminescent species can be doped in a transparent thin film and placed on a highly transparent substrate having the same refractive index for optical matching [12] . This configuration offers the possibility of reducing reabsorption effects by confining all the absorption and fluorescence to the thin film while trapping and reflection events occur primarily in the clear matrix [13] . TLSCs have several other advantages, as they allow the stacking of the plates containing different types of luminescent species to utilize full solar spectrum [14] . In addition, they reduce the fabrication cost as thin doped material is sufficient for allowing for more flexible employments of thin films with appropriate optical properties on any host substrate [15] .
In the present study, we aimed to optimize the efficiency parameters of TLSCs by proposing two designs as depicted in Figure 2 . Design (1) consists of a high refractive index transparent PMMA nanohybrid layer coated on a fluorescent PMMA substrate. Design (2) represents the ordinary design in which the luminescent dye is dissolved in PMMA nanohybrid layer then coated on a transparent PMMA substrate as previously described. A detailed characterization of the spectroscopic properties of the two designs will be presented by a series of measurements in order to identify the predominate losses limiting the efficiency parameters of TLSCs.
Experimental

Preparation of LSC Matrices.
Hydrophilic nanosilica (SiO 2 Aldrich, S5130 powder, 7 nm) was freed from adsorbed moisture by placing in an electric oven at 100±5 ∘ C and weighing each hour until two consecutive weights are the same. After that PMMA (Aldrich, MW 350 k), hydrophilic nanosilica, and red coumarin dyestuff (MACROLEX Fluorescent Red G, Bayer) were mixed separately in chloroform (CHCl 3 ). Transparent PMMA substrates were prepared by pouring International Journal of Photoenergy PMMA/CHCl 3 solution in a rectangular glass mold; applying the same procedure fluorescent PMMA substrates were prepared by doping PMMA/CHCl 3 solution with 200 ppm coumarin dyestuff. After that the dyed PMMA substrates were cut in dimensions 4 × 1 × 0.3 cm 3 and then coated with PMMA/SiO 2 nanohybrids. Two groups for LSC designs were prepared. The first group (design 1) consists of fluorescent PMMA substrates coated by transparent PMMA/SiO 2 nanohybrid with nanosilica concentrations ranging from 0.05 to 1 wt%. The second group (design 2) consists of transparent PMMA substrates coated by fluorescent PMMA/SiO 2 nanohybrid with nanosilica concentrations ranging from 0.05 to 1 wt% and all doped with 200 ppm coumarin dyestuff. All the hybrid solutions were sonicated for 6 hrs before pouring on the as prepared substrates and spin coated in a centrifuge at 2000 rpm for 1 min to obtain uniform film coverage [10] ; then they were left to dry in an electric oven at 40 ∘ C for 6 hrs. The film thicknesses were measured using a profilometer (Talystep, Taylor Hobson, UK) on a scratch made immediately after deposition of five independent measurements [16] on each sample and found to be in the range of 50 ± 10 m.
Measurements.
The absorption spectra of the hybrid films were recorded in the wavelength range (200-900 nm) by a UV-VIS spectrophotometer (UNICAM, Helios Co., Germany). Steady-state fluorescence spectra were recorded in the wavelength range (400-800 nm) using a spectrofluorometer (SCHIMADZU RF-5301 PC, Japan); the spectra were recorded for two sample arrangements shown in Figure 3 . The refractive index was measured by means of Abbe refractometer (ATAGO 1212 NAR-1T SOLID, Japan). The optimized LSC sample was chosen to manufacture a prototype for outdoor testing with dimensions of 20 × 8 × 0.3 cm 3 . A single crystalline silicon photodiode (PB X61, Siemens, Germany) was used as a PV cell and attached to one narrow edge as shown in Figure 2 (b). The other LSC edges were painted with a diffuse reflecting paint which has a diffuse reflectance value of about 98% (Kodak, Japan). LSC prototype was mounted horizontally and tested monthly for one year (2011) under day light illumination on the roof of a building about (8 m) high at Riyadh city (37 ∘ N). The output short circuit current of LSC attached PV cell ( Lsc ) was measured along with that of the reference PV cell ( rc ) by using an accurate digital multimeter (PeakTech, Germany). Besides, the global solar radiation was measured using a digital solar power meter (Lutron SPM-1116 SD, Taiwan). Figure 4 shows the effect of nanosilica concentration on the UV-Vis absorption spectra for design (1) LSCs in the wavelength range (200-900 nm), which is a distinctive spectra PMMA doped with organic laser dyes [17, 18] . A sharp increase of the absorption in the UVA band has been observed by increasing nanosilica concentration; this absorption is corresponding to − * transition of carbonyl groups in PMMA macromolecules [19] . It is observed that this increase is accompanied with a remarkable distortion and broadening in the absorption tail which is a consequence of a higher level of disorder of the polymer chains after bonding C=O group with Si-OH group. Considering the absorption band observed in the visible region around 520 nm characterizing S → S 1 transition of the dye molecules, there is no major change observed in the absorption value due to the isolation of the dye molecules in PMMA matrix. The observed hyperchromic effect in the absorption spectra beyond 600 nm of design (1) samples can be attributed to the decrease of the sample transmission by increasing nanosilica concentration to about 79% of that of pure PMMA as clarified by the inset in Figure 4 . This can be due to the light scattering by nanosilica aggregates as a result of the molecular bonding of silica nanoparticles with each other. On the other hand for design (2) samples, Figure 5 illustrates that there are no significant changes observed in the absorption edge but there is an obvious increase in the dye absorption due to the chemisorption of coumarin molecules on the surface of silica nanoparticles through hydrogen bonding with surface silanol groups [20] . This bonding permits uniform dispersion of the dye molecules in undersized cores formed by PMMA/SiO 2 cages of the hybrid PMMA/SiO 2 network and subsequently decrease the probability of dye dimerization [21] . As shown by the inset in Figure 5 , the sample transmission is observed to reach about 94% of that for pure PMMA by increasing nanosilica concentration up to 1 wt%; this indicates the advantage of this configuration for improving LSC transmission. This improvement can be attributed to the fact that the inclusion of dye molecules in PMMA/SiO 2 nanohybrids reduced the probability of nanosilica aggregate formation that occurs at high concentrations [22] .
Results and Discussion
UV-Vis Optical Absorption Spectroscopy.
Refractive Index and Photon Trapping Efficiency.
The dependence of the refractive index " " on the nanosilica concentration was studied for all the prepared samples of TLSC designs as shown in Figure 6 . A remarkable increase is noted in the refractive index values for design (2) than those for design (1) TLSC samples. This can be attributed to the role played by coumarin dye molecules in reducing the aggregation of hydrophilic nanosilica in PMMA/SiO 2 nanohybrid film as confirmed by optical absorption spectroscopic measurements. It has been reasoned that the nanohybrid coating films for design (2) TLSC samples have more oriented structure than design (1) TLSC samples and consequently increased values of refractive index [23] . Photon trapping efficiency trap was calculated from the refractive index of the films using the following equation [24] ;
The effect of nanosilica concentration on the values of trap can be observed in Table 1 ; it is clear that the values of trap for design (1) TLSC samples are lower than those of design (2). This disadvantage is expected when doping the dye molecules in bulk plate due to the scattering of fluorescent radiation by aggregated dye molecules, bulk matrix defects, and self-absorption effects [25] .
3.3.
Fluorescence Spectroscopy. Figure 7 shows the effect of nanosilica concentration on the fluorescence spectra of the prepared TLSC designs measured by using FSD. For design (1), it is observed that the fluorescence intensity is increased by increasing nanosilica concentration without any considerable change in the peak position; this can be ascribed to the increase of the number of fluorescent photons trapped in the LSC matrix. The shoulder that appeared in the spectra at higher nanosilica concentration may be correlated with the scattering of the trapped emitted photons with the matrix defects, causing the resultant broadening of fluorescence spectra [26] . The same behavior is observed for design (2) TLSCs with the exception of a remarkable blue shifted fluorescence and steadiness of the peak shape even at higher nanosilica concentrations. This can be due to two factors; the first is the isolation of the dye molecules by increasing nanosilica concentration causing blue shifted fluorescence [27] and the second is the increase of the fraction of trapped fluorescent radiation due to the increase of the refractive index and consequently increase of the trapped fluorescence intensity. The fluorescence quantum yield, , has been calculated relative to a reference solution prepared from Rhodamine 101 ( = 1 in H 2 O 0.01% HCL) using the following relation [28] :
where is the integrated area under the corrected fluorescence spectra, is the refractive index, and OD is the optical density for the sample and reference. Besides, the Stokes efficiency which represents the energy loss by Stokes shift was calculated as the ratio between the absorption and fluorescence maxima of dye molecules ( stok = abs / em ) [29] ; the values of and stok are listed in Table 1 . It is obviously noted that the values of and stok for design (1) TLSCs are lower than those of design (2); this can be explained by the following. Design (1) stands for PMMA matrix with large cores in which the dye molecules are just physically incorporated; at high dye concentrations the dye molecules have a large tendency to be aggregated in these cores and form excited state dimers (excimers) which are weakly fluorescent [30] . On the other hand, the calculated values of and stok for design (2) demonstrate that the dye molecules are shown to have a relatively uniform dispersion in undersized cores formed by PMMA/SiO 2 cages of the hybrid PMMA/SiO 2 network. These solid cages have increased the separation between the dye molecules from each other and consequently the LSC coating can be heavily doped with high dye concentrations without quenching monomer (single dye molecule) fluorescence [31] . In view of the fact that the rotations and relaxations of the electrons in the excited state of organic laser dyes are one of the main modes of the nonradiative energy losses, PMMA/SiO 2 nanohybrid is a suitable matrix which reduces the internal rotational modes of the dye molecules compared to the relatively flexible organic polymer molecules [32] .
Efficiency Parameters for Solar Energy Conversion.
For the development of useful LSCs, it is important to use photostable dyes with a high overall dye efficiency, dye , given by [33] dye = abs stok self ,
where abs is the fraction of solar energy absorbed that depends on the absorption coefficient " " of the dye and the LSC thickness " " ( abs = 1 − 10 − ) [34] and self accounts for the effect of the reabsorption of emitted photons on the light transport to the concentrator edge calculated from [35] 
where 0 is the probability that an emitted the photon will reach the edge without suffering self-absorption calculated from
where the integrals (V) (V) V and (V) V represent the areas under the fluorescence-wavenumber curves obtained from edge fluorescence detected by (ED) and front surface fluorescence (FSD), respectively, measured as depicted by Figure 3 ; the obtained spectra is plotted in Figure 8 as a representative behavior for all samples. self-absorption efficiency self , on nanosilica concentration is illustrated in Figure 9 , it is obviously noted that design (1) TLSCs have low values of self accompanied by irregular changes by increasing nanosilica concentration. On the other hand, the behavior of self for design (2) exhibits a noticeable reduced self-absorption effect and scattering losses since the gain of the pathlength in the LSC substrate is compensated by the loss within the optically dense film [36] .
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where (1 − ) is the fraction of incident sunlight that is collected by the surface and calculated from Fresnel reflection = ( − 1) 2 /( + 1) 2 . The effect of nanosilica concentration on the efficiency parameters abs , dye , and conv is illustrated in Figure 10 . For the prepared TLSC designs, it is clear that design (2) samples have higher efficiency parameters compared to design (1) samples. The highest increase in the efficiency parameters was achieved for design (2) TLSC doped with 1 wt% nanosilica concentration which is increased to 3, 10, and 11 times than those of design (1) TLSC for abs , dye , and conv , respectively. It is also observed that for the two designs, the values of dye and conv have the same behavior of abs with varying nanosilica concentration. This reveals the advantage of design (2) in increasing the fraction of absorbed sunlight and enhancing solar energy conversion by TLSCs. The highest calculated values of conversion efficiency for the prepared TLSC designs had allowed the choice of design (2) ( conv = 55%) to be tested outdoors for electrical conversion of solar energy.
Field Performance of TLSC.
The average daily solar insolation on a horizontal surface was measured hourly for one year (Riyadh, 2011) and plotted as shown in Figure 11 . It is noticed that the curve of global solar radiation versus day hours has reached its maximum value at the solar noon for all seasons with a highest value equal to 1 kW/m 2 achieved in summer. This data is important for the properly design of solar energy system [38] and provides a good evaluation of thermal environment within buildings in hot countries which is characterized by its extremely hot weather. Figure 12 illustrates the average values of the short circuit current density, sc , over the year 2011 for the PV cell attached to the TLSC edge mounted horizontally as shown in Figure 2 . It is noted that the maximum values of sc are obtained around the solar noon of each season, due to the increase of direct solar radiation at this time. The area under the sc -solar time curves is obtained and plotted in comparison with that of a reference PV cell for all seasons as shown in Figure 13 . It is clear that the maximum value of the obtained electric charge by TLSC is obtained in summer (621 C/cm 2 ). This value is more than twice that recorded for horizontal bulk plate LSC in Benha city (Egypt) due to the fact that Riyadh city enjoys higher solar insolation [39] . This high amount of global solar energy in Riyadh compared to Benha is caused by the increase of the direct component due to the variations in solar altitude and the zenith angle. On the other hand, it is noted that the minimum value of electric charge (162 C/cm 2 ) is obtained in spring due to the vagaries of the weather and the spread of dust and clouds at this time of the year.
The performance of the investigated TLSC was evaluated under clear sky conditions, and the hourly values of the optical efficiency opt were calculated for all seasons using the following equation [40] :
where sc and rc are the short circuit currents of the PV cells attached to TLSC edge and the reference PV cells directly exposed to sunlight, respectively, is the geometric gain defined as the ratio of the surface area to the edge area of the TLSC plate, and is the ratio of PV cell response at the fluorescence wavelength to the corresponding response of solar spectra. Table 2 . From the plot, it is clear that the yearly average value of opt increases at the midday to a stationary value for 8 hrs; then decreases near both the sunrise and sunset in contrast to the previously published work [41, 42] . This can be due to the fact that most of the solar radiation in Riyadh is direct due to its high altitude angle, since the global solar radiation falling on a horizontal surface is given by [43] 
where is the diffused solar radiation, is the direct (beam) component and is the solar altitude angle of the location. The decrease of the yearly average value of opt near the sunset and sunrise can be attributed to low amount of diffused radiation as a result of the high clearness index in Riyadh [44] at most of the year months according to the following equation [45, 46] ,
Furthermore, Table 2 shows that summer average value of opt is nearly double that published for horizontal bulk LSC in Egypt (23.61%). This can be attributed to the advantage of TLSCs in reducing the parasitic losses due to self-absorption and scattering from matrix impurities than bulk LSCs besides the abundant solar energy potential in the Arabian Peninsula [47] .
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Conclusions
Two designs of TLSCs have been prepared and characterized in order to optimize the efficiency parameters and outdoor performance. The study of UV-Vis absorption indicated that all the prepared samples of TLSC designs utilize a broad section of the solar spectrum. In addition, calculated values of efficiency parameters suggested that design (2) is more advantageous since it has the lowest reabsorption, possibility of escape cone losses, and the highest conversion efficiency. The study of outdoor performance of the optimized design (2) TLSC showed the maximum recorded value of opt (≈40%).
Regarding the above-mentioned facts, it can be stated that design (2) TLSCs are potential candidates for solar energy conversion the in the Arabian Peninsula. Further studies of the molecular and photostability tests had to be done, since the second design is expected to show a distinctive photostability due to the existence of the dye molecules in the lower PMMA substrate protected by PMMA-SiO 2 nanohybrid coating which is considered as an effective solution for blocking harmful UV radiation. Thus, the low efficiency of the second TLSC design could be compensated by their application in large areas, especially in the vast desert areas of hot countries which need conversion systems with enhanced photostability.
